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INTRODUCTISN
During the last few yvars a large amount of plon-nt leus
(w-A) inelastic scatiering data has been obtained with high-!lux,

high-resolution facilities such as the SUS! spectrometer at  SIN
and the EPICS e@pectrometer at LAMPF. The early studices for the
moRt part concentrated on strong transitions to low=1viny
collective @atates. Thene studiers have been reviewed in part in
Ref. 1 . One unanticipated feature of w-A inclastic wcattering
that has become evident as the scope of studies has increasced [«
the strong excitation of high-spin stretched states in  light
nuclei. By stretched states we mean those whose total angula
momentum fa the maximum achicvable In a IRw  particle=hale
excitation. Transitions to m=tretched states have now  bheen
obscerved in almost all p-shell nuclef that have been studied, s
well as In 85y 2°H

The strength of these transritions can he qualitative!y
underatood by examining the plon-nucleon {n-N) fnteraction.
Fol lowing Koltun”, the n-N amplitude can be written as follows, It
the interaction i8 dominated by the [1,3] resonance:

F(k,k’) = a(k)[2con(0) + | 8*Asin(0)] (1)
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wvhere a(k) contains the energy dependence of the elementary mn-N
force, © is the center-of-mass scattering angle, & is the nucleon
spin operator, and fl is the normal to the scattering plane. Only
the second term, which 1is proportional to the n-N spin-orbit
operator, can induce a spin transfer. Petrovich and Love!? have
extracted the strength of the central and spin-orbit parts of the
%—N interaction using the impulse approximation (IA) and the =-=N
phase shifts. Their results at 180 MeV, shown in Fig. 3 of Ref.
10, confirm the conclusions one would draw from the simple P3
result (eq. 1), namely that et small momentum transfers (q < l.g
fm~!) the central strength, t., 1s considerably larger than the
spin-orbit strength, t;g. At about g = 1.4 fm ! (8 = 70°) the two
strengths become comparable. The relative strengths of the
central and spin-orbit interactions are the same for both isospin
channels. The factor of two enhancement of the isoscalar over the
isovector t-matrix that results from the isospin properties of the
[3,3] resonance is also contained in the results of Petrovich and
Love. It is this factor that gives piun inelastic scattering itas
unique sensitivity to the relative contributions of protons and
neutrons to inelastic transitions. '

EXCITATION FUNCTION MEASUREMENTS

tretn, )

The strength with which stretched configurations arc exc' ed
can be seen in Fig. 1 which shows a n°, a v, and a differcence
(n~ =) spectrum taken on 12C at T, = 164 MeV and ¢ = 70°. The
very strong groups near 19 McV have been identificd as  two 4
states, onc an essentlally pure proton transition (19.25% MceV) and
the other a pure nceutron gransltlon (19.65 MeV). The Jarge nT/at
asymmetry s understood ! ap due to nearly maximal isospin mixing
between 2 T = 0O and a T = 1 4 state. The shapes of  the angular
distributions for these transftlons are well describod using a
transition density having a total angular momentum  irans!.r
Al = 4, orbital angular momentum transfer AL = 3, and  spin
transfer A4S = 1.7

It was observed hy Moore, et {[.lf that excitation functions
wmeasured for these transltions were quite different from those
measured for low-lying natural parity transitions. Rhen
excitat!ionn, functions measured at  constant momentum transf{oers '’
(near the maximum in do/du(8)) for the 4~ (19.2%) and 27 (18.3h)
states were  comparced with those far the 2+ (4.44), 3 (9.5 ) and
0t (7.65) mtates (Fig. 2) {t waun found that the cross sections {or
the unua’ural-perity transftions decreasre as the energy fncreasces
while the cross sections for the patural-parity transttionz rlse
dramatically ar the energy is raisdl. .
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Theoretical Inverpretation of the Excltation Functlion Data

Sicilfano and Walker !l have provided a theeretica!l
Interpretation of the plon [neiastic excitation-function data
based on the assumptions of 1) the valldity of the tixed-scatterner
Impulse approximation and 2) a one-ftep reaction mechanism. Their
expression for the differentiaA! cross seciion for plon-nucleus
inelantic scattering (s:

do _ F(E)[4M2(q, deur?D + S’(q )sind i) ()

dil v u
where q_ {a a flked momentum  transfer near dn/dJ(q)n X In
gencral  only the S form factor can contribute to unnatural-parity
transitiona while both M and § can contribute to natural-parity
tranaitions (although M usually dominates). The energy dependent
factor I'(E) im a product of the distortion ot the pion waves and
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Flg. 2: Constant q excitation functlons for (m,m') t. «- itus in

the encrgy dependence of the elementary n=N  tforce. Since tha
effect of attrnuating the plon waves varlies approximately as the
Inverse of the strength of the force, M(E) is roughly constaat  in
the vicinity of the [3,3) resonance. The encrgy dependence of
pion-nucleus nwAcattering {8 given by the cos“ and sint-
dependences of the plon-nucleon scattering amplitude. Thewe
angular dependences result in an encrgy dependence for constant q
because the scattering angle wmust be adjusted arc a functlon of
energy to keen the momentum transfer constant. Th.r results |n
AS = 1 translitions decreasing with Increasing energy since only
the S form factor with ftr accompanving sin<® dependence can
contribute to unnatural-parity excitations. 1t should be noted
that while in general Ferm! motion corrections can sallow th
central part of the plion-nucleon {interactlon to -ontribute to
unnatural-parity transitions they cannot contribute to, the
excitation of stretched confjigurations.
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The solid 1lines in Fig. Z are the simple cos26 and sin2e
predictions of Siciliano and Walker. The 4~ and 2~ data are well
represented by the 8in26 energy dependence. The cos28 curves
reproduce qualitatively the energy dependence of the
natural-parity transitions. The discrepancies are due to the
non-constant nature of T'(E) which will be discussed in more detail
in the next section.

Application to Transitions in 13c

In an odd mass nucleus more than one total angular momentum
transfer is generally allowed and hence there are few pure
unnatural-parity transitions. The main exceptions are transitions
to stretched states where a spin transfer is required to reach the
total angular momentum transfer necessary. One such state is the
9.5 Mev 9/2% grate in 13c. The shapes of the (m,n’) angular
distributions for this state are characteristic of the AJ = 4,
AL = 3, AS =1 transition density amplitude.] The ratio of
uva 5/ uT') = 1022 has 1indicated that this state is reached by a
pure neutron particle-hole excitation!®. The pure neutron naturs
of the transition has been explained in a simple weak-coupling
model as well as in a DWIA calculation using Millencr-Kurath wave
functions for their first predicted 9/2% state.3(sec Sec. 111)
The shell-model wave functions predict a transition density that
is pure AS = |.

The constant-4 excitation function for m  scattering tu this
state is shown in the lower part of Fig. 3 (diamonds). The encrgy
dependence 1s similar to that of the unnatural-parity transition:
in 12C and ts reproduced very well by the simple sin<t depondence.
The upper data in Fig. 3 (solid cilircles) (s tor  the
collectively-enhanced transition to the 3/27 state (3.6H MoV
which 1{s understood (o bc¢ predominantlyv A4S = (0. The solid curve
{s the cos?® prediction and the dashed curve is the result of  a
DWIA calculationl® using a collective form factor an. nornmaiized
to the data at 162 MeV. The energy dependence  predicted by the
DWIA is {n very nond agrecment with the data.

The excltation function for the 9/2% starte provides striking
confirmation ot the A4S = | nature of the trausition as deduced
from the angular Jdistributions. The knowledge of  the spin
transfer in a transitian {s very useful for testing wive functions
as well as for determining the spin and parity of states in nucled
with spin-zero ground states. This method has  been used  to
identify four other M4 transitions in e, 1/

This technique has proven verv complementary to  th
measurement of 180" electron scattering, for two reasons.. The
first 1a that 180° (e,e¢’) i wensitive essentially only to AT = |
transitions whereas pion scattering excltes AT = (0 and AT = 1
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Fig. 3: ConsLdnt q excitation function for the 3,27 (circles) and
9/2% (diamonds) states in 13cC,

cransitions in the ratio of 4/l. The sccond reason 1is the
sersitivity of n% and n~ comparisons to the relative contributions
of neutrons and protons. lic gives a Eood example of the ultility
of these comparisons. The first 9/27 state (9.5 McV) is reached
by a r.are neutron excitation while the Becond (l6.1 M\) s
reached by a transition that involves mostly protons. Botl of
these transitions have becn observed In 180° (e,e’)!*. The third
‘% transition is excited about equally by nt and 77, indicating a
pure 1igospin transfer. This state 1s not scen in (e,e’)
indicating that the transition is probably pure LT = 0,

EXCITATION OF STRETCHED STATES
P-Shell Nuclei

Stretched one-particle one-hole Btates are those statles
having the maximm total angular momentum allowed In a single
particle-hole excitation; i.e. AJ = 2 <+ lh + 1, where 8 (11) is
the particle (hole) orbital angular momentum and the orbital
angular momentum tranafer is AL = L+ £,. Whenever AJ equals
AL + 1, states are reached by unnnturn?-par ty transitions. In
the p-shell, stretched states are made from 93/°°d5/:
particle-hole excitations and are thus reached by M4  transitions
(Al = 4, AL = 3, AS = ]). Measurementr of angular distributions
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are sensitive to the transferred J, L, and §, whereas excitation
functions are sensitive to the spin transfer. These two together
are very useful for locating stretched estates. Because of the
limited configurations that can make up stretched states they are
ideal tests for the shell wodel. Fig. 4 shows the distribution of
M4 transitions that have been measured in p-shell nuclei using at
and 7 inelastic scattering. M4 transitions in “B, 1l'N, ll'C, and
160 are shown along with those 1in !2C and }2C that have been
previously discussed. Preliminary results for 15N not contained
in Fig. 4 will also be presented in this section.

——— T I T v
DISTRIBUTION OF (w,»') M4 STRENGTH IN
P-SHELL NUCLE!
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Fig. 4: Plot of (n,7n’) cross sections for Md transitions In the
P'lht‘ll-
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The lightest nucleus in which an M4 transition has been
observed is 1!B. The data of Zupransky, 25_51;19 in Fig. 5 shows
spectra for n7 and n~ scattering from 1!!B at T, = 162 Mev and
918 = 70°. The 11/2% state at 14.04 MeV can be seen to be
exc?ted much more strongly by 7~ than by at, with a lower 1limitl®
of R(-o(n-)/o(n+)) >S. An angular distribution and excitation
function measured for n~ scattering indicate that this state 1is
reached by an M4 transition. The large = enhancemen:t 1s easily
understood because the proton dS 2p;21 particle-hole excitations
that can form 11/2% states {n i require a recoupling of the
remaining pq,5-shell protons. Such configurations cannot be
reached 1n a single-ster from the ground state. Microscopic DWIA
calculations usin§ the wa'e function of D, Kurath for the first
11/2% state in 1lB predict a large ratio o(n7)/o(n¥) and require
an overall renormalization® factor of .22 is to fir the absolute
magnitude of the data. This renormalization factor is smaller
than that required with Millener-Kurath wave fun...ons to fit the
data for the !3c 9/2% state.

au.-R-4.021
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ExP 389
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b J
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il
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Fig. 5: Spectra for nt and n~ scattering from !!R at Ty = 162 MeV.
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As mentioned already, the M4 strength in 12C is concentrated
in two 4~ states, which are strongly isospin mixed. In !3C there
is a pgroup at slightly higher excitation energy which shows a
eimilar = /nt asymmetry indicating that these states in !3C (which
are reached by M4 transitions have a large parentage in
12¢(47) m w(py;p)-

The nt and n~ angular dictributions for the 9.5-Mev 9/2%
state in 13C are shown in Fig. 6. The solid curves are microscopic
DWIA2? calculations using the code ALLWRLD?1 to generate
transition densities from the particle-hc > amplitudes of Lee and
Kurath with a harmonic oscillator parameter a = .632 fm~ 1. The
value of a required to reproduce the shape of the data is
considerably smaller than that needed to fit22 the transverse form
factor measured in (e,e’), although it is nearly the same as the

F13¢ (7, w") €.29.50 MeV
b= *
i 9/2
10"
C

T

do/dSl (mb/sr)
e

-2 =
103
E b=1.%8fm
-
.
L1 1 1 1 1 41 111
20 60 100
6. m( deg)

Flg. 6: Angular distributions for 7t and n” scattering to %.S-MUV
9/2% state in !3c.
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value required to fit the 547 Mev (p,p’) data for this
transition?3, The overall renormalizztion required 1is .4,
considerably smaller than that required to fit the transverse form
factor from (e,e’) (.7).

Spectra for n' and © scattering® from 1%C, in w. _h two 47,
T = 1 states can be seen, are presented in Fig. 7 . The 1lower
energy state (11.67 MeV) 1is n~ enhanced while the upper (17.26
MeV) is 7' enhanced. Both ratios o(a”)/o(n%) are largar than the
free m+n (nm + p) values of 9 (1/9). These data have been
compared with DWIA calculations?* for d5/2p3/2"1 particle~hole
excltations to derive 1soscalar and 1isovector sbvectroscopic
amplitudes. The equstion that 1wust be solved to extract the
relative 1isoscalar and 1isovector connonents from Lhe measured
ratio 0(ﬂ¢)/0(ﬂ—),

Lot (284 - $;)°

o(nm) (259 + 8¢

(3)

r
Me 3 2t 2t s 4 ]
200 gLASTIC : €T 70 83 104 117 81 172 B
: | I I l I l 164 eV
180} \ i 66° .
I ”* ]
I
I
100} | 1 ~
g ! :
"5 :
z : |
B %0 | '
> ! a 1
Lt bl P
9 0 —
. 677083104 117 15 |72
g 1o N | v
3 120l
o
100

0 ) 10 T} 20 zs‘
EXCITs"ION ENERGY (MeV)

Fig. 7: Spectra for ntoand n” scattering from The ag T, = le4 M.
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has two solutions. This results in an ambiguity in the final
result for and Sg. This must be eliminated through a
compar.son witﬂ electron and/or proton scattering data.

The strongest M4 transition observed in 1N is to a 5~ state
at 14.7 MeV (Fig. G, Geesawman’ et al.). The vt and n” cross
sections for this transition are approximately equal, 1indicating
that there 18 no significant isospin mixing. A quenching factor
of .70 is needed to obtain agreement between the magnitude of the
data and DWIA calculatlons for the lowest 5  state predicted by D.
Kurath’. These wave functions predict 51% of the 5~ strength to
be in the lowest 5 with the remainder split between states at
17.3 and 18.0 MeV. These model states have been tentatively
identified with groups seen at 16.86 and 17.46 McV. The angular
distributions and total strengths of these groups indicate¢ that
they ccntain additional unresolved states of other
multipolarities.

T T T T 1)
N(r, ) 4N D)
- or"’ ow-
i - 1
S [ 1466 ¢ &
~
S
-
1 ] 1 1 | |
10C 122

20 40 60 8c
Bm( qeq)

Fig. 8: Angular distributions for vt oand - scattering to 146.=MS
5" state in YN,
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Very recently ** and »~ spectra for scattering from I5N  have
been measured. Fig. 9 shows a ¥x" and a v~ spectrum taken at
B1ap = 65° and T, = 164 MeV. Previously identified 9/2% states at
lb.y and 12.6 MeV are labeled as well as a very strong state at
17.2 MeV which is possibly reached by an M4 transition. The two
lowest 9/2% states are very strongly at enhanced, while the state
at 17.2 MeV is slightly »~ enhanced. Shell model calculations of
D. J. Millener25 using a lhlw basis predict a very large nt/n"
ratio for the first 9/2% state in ISN. Whe. 3p-4h terms are
included 1in the calculation, this ctate is split into two states,
which can be identified with the 10.7 and 12.6 MeV states.

The last p-shell nucleus for which we present data on the
excitation of stretched configurations is !®0, Fig. 10 shows
anguldr distributions for three 4~ states excited in (n,n") on 1%0

—1
D
E

‘ 4L
Ss 1 (Y2
@31 (YD)
156('/1‘)
10 64 ('/x')
12 56 (')
}
'
(72 !

—

5 ] i 14 \7

EIC-“G\H:-) Eu\ Ta W
(Wn\.’) o T
Fig. 9: Spectra for o

and n” scattering from i\ at 7“ = jom Mot
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distributions for w* and 77 scatteriny to (sos]in-mixed o0 siates
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(T =0 17.79 and 19.80¢ M¢V, T = 1 18.9R MeV). The ohrorved rat;-.
o(r+)/o(" ) indicate that these states are weakly dsospin alxed,
The 80'id curves are calculations using a de iapy --1, transftion
density and a spectroscople factor tor the T = | hldlt determin !
from clectron scattering. The imospin mixing matrix element:
derived from the plon scattering greatly lamprove the agreemost o
calculations with the clectron sacattering data to the laacr 7 =
BLAte.

ig_:-_l_r_hvd it_n_t__r_s in Heavier _r_-'_u_. A |

2851 tw the only nucleus outside the p-shell  ftor &hich
excitationse of stretched gtates have  bheen measured with plon
fnelastic wscattering. Fip. 11 mhows angular d.striburaone
meanured” for 6 T = 0,1 and ", T = 0 statesn. The golid curves
for the A~ gtaten are calculated using a l, A ?2 transitiog
dennity and sguared apectroscopliec factars of ‘l or the 1 - -
atate and .34 for the T = | state. The spectroncople  factér ton
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Fig. 11: Angular distributfons for »* and n~ Heattering te 5 and
6" mtates in ‘M5,

the T = 1 state {n consintent with that necersary to  reproduce
proton  and  electron scattering data for thisa trankition.  Recent
(p,p’) measurvment s’ have Indicated different ktructure for the
TeD and T =1 67 states in S0 that I8 connirtent with the
{rowcalar and lnovector wpectroscopic factore determined  In the
plon meattering measurement s,
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SPIN EXCITATIONS OF NON-STRETCHED CONFIGURATIONS

Although the majority of epin excitations that have been
observed in pion inelastic scattering are transitions to stretched
states, there are a few examples of AS = 1 excitation of
non-stretched states. The best studied of these have been the 1%
T=0 (12.71] MeV) and T =1 (15.11 MeV) strates in !2C,
Comparisons of w' and »~ cross sections for these states have
indicated the presence of 1isospin mixing.2/ A const.ant-q
excitation function measured for the T = O state shows the en-rgy
dependence expected for 8 pure AS = 1| transition. The T = | staie
excitation function shows an unexpected bump near at 180 MeV. ‘lhe
interpretation of this anomolous excitation function as due to
admixtures of AN"! admixtures in the 15.11-MeV state wave
function2® will be discussed in another presentation.??

Most of the spin excitations seen in (n,n’) have been
trangitions which are required by parity or angular momentum
conservation to have a ncn-zero spin transfer. A naturnl—enrily
transition to a 17 gtate (4.45 MeV) in 'P0 recently observed’’ in
(n,n") seems to be dominated by AS = lI. The AS = | assignment s
based on the angular distribution, shown in Fig. 12. A number of

-
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DWIA and eikonal model calculations
different

have predicted dramatically

angular distributions for transitions to 17, AS = 0 and
17, AS = |1 states. The solid curve in Fig. 12, generated using
the DWIA code ARPIN3C {g for a pure AL = 1, AS = ] transition and
the dashed curve is for pure AL = 1, AS = 0. The two calculations
are¢ completely out of phase and only the AS = | calculation
reprnduces the data. This data represeats the first experimental
confirmation of the different angular distributions predicted for
AS = 0 and AS = ] transitions.

A similar effect has been seen?? in 12C for the excitation of
states near 25 MeV. Spectra taken at T, = 180 MeV and 6;,p = 25°
for ﬂ+, n~, and the difference between them are shown in }ig. 13,
along with a fit to the data. The large peak at 22.1 MeV is
rrobably the well-known isovector giant dipole rescnance and peaks

at 18.3 and 19.3 MeV are an isospin-mixed doublet of 2~ states.
The angular distributions for the 23.7 and 25.6 McV groups are
much less forward peaked than that of the 22.1-MceV state. In
addition, these angular distributions resemble nefther the
] A T N v
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o . - . - o
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predicted shapes for 17,T = 1 or 2 states.(The 18 and 19 Mev 2~
data are well described by the 2~ shapes.) The experimental
angular distributions can be fitted with a combination of 1~ and
2~ calculations, but this requires a total 2~ strength exceeding
the sum rule limit3!. This sugggests the presence of some 17,
AS = ] strength in this region. The summed cross sections for the
22.1, 23.7, end 25.6 MeV levels as well as the 18.3 and 19.3 MeV
2™ sgtates can be fitted with a combination of 1- T = 1 AS = 0, 1~
Tw=0,] S =1, and 2° T = 0,1 for all allowed p to d excitations.

CONCLUSION

This paper has reviewed the data on spin excitations observed
in pion 1inelastic ecattering. A predominant feature of this
process is the selectivity with which high-spin unnatvral-parity
states are excited. Constant—-q excitation functions have proven
valuable in identifying unratural-parity states because of the
unique signature of AS = 1 transitions. It has recently been
shown that angular distributions measured for transitlons to
natural-parity states are quite different for AS = 0 and AS = ]
transitions. Pion scattering should continue to prove wuseful in
studying the spin structure of nuclear transitions becausc cf the
sensitivity of both excitatlon functions and angular distributlons
to the apin ctranaferred to the nucleus. In particular, plon
scattering measurements may be helpful in mearches for  spin-mode
glant resonances.

In addition to the ability to distingulsh transitions

dominated by AS = 1, comparigons of nt oand T scattering can be
used to determine the relative contributions of neutrons and
protons to inelastic transitions. In ench N?Z nucleus  studied
there have been  large nt/e” asymmetries ohserved ftor  some

transitfons tn stretched states. Thir results (o Informat fon that
{s not obtalnahle from 180 olectron seatterine,
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